The use of Polypropylene as support material for nano-TiO 2 photocatalyst in the photodegradation of Alizarin Red S in water solutions under the action of visible light was investigated. The optimization of TiO 2 pastes preparation using two commercial TiO 2 , Aeroxide P-25 and Anatase, was performed and a green low-cost dip-coating procedure was developed. Scanning electron microscopy, Atomic Force Microscopy and X-Ray Diffraction analysis were used in order to obtain morphological and structural information of as-prepared TiO 2 on support material. Equilibrium and kinetics aspects in the adsorption and successive photodegradation of Alizarin Red S, as reference dye, are described using polypropylene-TiO 2 films in the Visible/TiO 2 /water reactor showing efficient dyes degradation.
1
. Wastewaters generated by the textile industries contain significant amounts of non-fixed dyes and a huge amount of inorganic salts 2 . For this reasons, degradation and lowering of toxicity of dyes effluents are more important. Because of their complex structure, it's more difficult to destroy these contaminants which are intentionally chosen to withstand to light and to aerobic oxidation by microorganisms; in fact, only the incomplete degradation of dyes is possible using these processes (physical and microbiological) with the formation of volatile carcinogenic compound as by-product 3 . The preservation of clean air, soil, and water requires the treatment of these dye effluents 3 . In recent years a great deal of interest to the photocatalytic studies regarding organic water pollutants on semiconductor materials emerged 4, 5 . The most popular photocatalyst is TiO 2 semiconductor for its excellent optical and electronic properties, low price, chemical, thermal and biological resistance, no toxicity, recovery and transparency to visible light [6] [7] [8] [9] . For these reasons, TiO 2 is widely used in many fields such as medical treatment and microorganism disinfection 10, 11 , dye sensitized solar cells 6, 8, 12 , self-cleaning materials 7, 8 , purification of water, air and also in the solar water splitting 8 . The physical features of TiO 2 as porosity, morphology, crystallization, surface area and phase transformation influence the photocatalytic activity and the adsorption of the pollutants 13 . In this contest, also different adsorptive materials including silica, perlite, activated carbon, glass 9, 14 and others has been tested. The light source plays a primary role in the photocatalytic process due to the fact that the UV or visible irradiation permit different mechanisms. Since TiO 2 has a large band gap of 3.0-3.3 eV 12 , only the photocatalytic process under the action of UV light is possible because TiO 2 absorbs a small part of solar spectrum. When TiO 2 is irradiated by UV-light with higher energy than its band-gap, the semiconductor is excited and an electron injection occurs from the valence band (VB) to the conduction band (CB) in order to create an electron-hole pair (e Scientific RepoRts | 5:17801 | DOI: 10.1038/srep17801 surface. Furthermore, the electrons in the conduction band are involved in the reduction process with the air oxygen to produce superoxide radical anions (O 2
•− ) continuing the photodegradation process 6, 15 . Under visible light, only the adsorbed dye on semiconductor surface is excited and an electron injection into the CB of TiO 2 from the excited dye occurs; this one is converted in cationic dye radical whereas the injected electron (e − CB ) reacts with the pre-adsorbed oxygen producing several forms of radicals. The overall process are describe as follows 15, 16 : 2 2 In the photocatalytic process, TiO 2 can be used in two different ways: immobilized on inert support materials or suspended in aqueous medium. Considering the practical application, immobilized TiO 2 is preferable than TiO 2 dispersion to avoid the subsequent steps for the recovery of catalyst after the process. The suspended systems give higher degradation rates but the catalysts must be filtered and, as a result, the process is more expensive 17 . Inert support materials are classified according to their chemical nature; the effects on the semiconductor are the increase of the surface area, change of hydrophobicity, hydrolysis, thermal and chemical stability 5 . In this study, two commercial types of TiO 2 such as Anatase (A) and Aeroxide P-25 (P-25) were chosen for the preparation of pastes used to cover Polypropylene (PP) strips. New heterogeneous materials were realized for the photodegradation of Alizarin Red S (ARS) as target pollutants under the action of visible light, in different experimental conditions. Crystallographic and morphological aspects of the new material were studied and SEM, AFM and XRD results are presented.
Dye h Vis Dye
The work proceeds with the adsorption study of dye on TiO 2 surface in real time mode and the subsequently photocatalytic degradation process was made in order to obtain equilibrium and kinetic results. Fig. 1 show that, the non -regular surface, with the presence of granules excess change to a more regular and uniform layer after this process. From these considerations the acidic treatment is necessary to remove TiO 2 surplus on PP surface.
Results

PP@TiO
[ After ARS adsorption and photodegradation process, changes of PP@TiO 2 morphology are observed (Fig. 2b,c,e,f) . After the adsorption of ARS, both the samples show not homogenous distribution of the material compared to the same sample in the absence of dye while, after the photo-degradation process was observed a decrease of homogeneity of the TiO 2 surface, due to the loss of the absorbed dye.
AFM was used in order to investigate the topography of TiO 2 surface, to check the morphological aspects of TiO 2 layer by surface roughness analysis by several parameters such as root mean square (R q ), mean roughness (R a ) and width of ondulation (W max ) as result of the different processes. Figure 3 shows three dimensional surface images for PP@TiO 2 films before and after the ARS-adsorption and after the photodegradation step. In order to reveal structural variations of the compounds, we also collected some powder x-ray diffraction (XRD) patterns before and after the adsorption process. Figure 4 shows the XRD patterns of TiO 2 Anatase (left side) and Aeroxide P-25 (right side). In this figure the black line (A) and the red line (B) are referred respectively to the data collected before and after the adsorption process, while are also visible the calculated patterns for Anatase (blue) and Rutile (magenta) structure phases (C).
In 
Equilibrium and Kinetic Studies of ARS Adsorption. ARS solution, at acidic pH (2-3), is yellow
and present characteristic UV-Vis spectrum with two predominant bands at 261 and 424 nm. Increasing the pH up to 6-7, the bands at 424 nm shift to 510 nm with an increase of the molar extinction coefficient and the solution is strong orange. Fine structure with the presence of two bands at 556 and 596 nm is obtained at basic pH (11) (12) ; in this case the solution is violet and the bands located around 260 nm can be assigned to the π -π * transition of anthraquinone structure (Fig. 6) 
18
. The ARS adsorption on TiO 2 surface in dark condition at 25 °C was first studied using the photoreactor showed in Fig. 7 . According to the literature data 19 , the pH is the major factor that influence the photocatalytic process because affects the adsorption of dye molecules onto TiO 2 surface. The adsorption study of ARS on PP@TiO 2 conducted at different pH showed that the acidic condition gives the better adsorption efficiency. In fact, the pH condition influences the charge properties of TiO 2 and, for higher pH than the point of zero charge (pzc) that, for Aeroxide P-25 is at pH 6.5, the surface becomes negatively charged and it is the opposite for pH < pzc, according to the reaction 1, 20 . 
The same acidic condition influences also the chemistry of dye; in fact, ARS structure shows a negative charge on sulphonic group 20 and, with pH < 6, an evident adsorption of dye was observed as a result of the electrostatic attraction of the positively charged TiO 2 with ARS dye.
Colour change of adsorbed dyes (red) compared to that of the initial dye solutions (yellow) suggest in fact the neutralization of dye charges on the TiO 2 surface. It is therefore possible to suppose that with high adsorption capacity of photoactive titanium dioxide, it is possible to improve the efficiency of photo-degradation. For this, to obtain a good knowledge of ARS adsorption mechanism and in order to evaluate how the dye concentration in the original solution influences the adsorption capacity of PP@ TiO 2 films, different starting ARS concentrations in the adsorption process have been used. 
where C e is the dye solution concentration (mol L
, Q e is the adsorbed dye amount on TiO 2 at equilibrium (mol L According to the Langmuir model it may be deduced that, in the adsorption process on [PP@TiO 2 ] P25 , all dye molecules incorporated into the film have similar adsorption energy, and the maximum ARS adsorption corresponds to a saturated layer of dye molecules on the adsorbing TiO 2 surface that cannot To further characterize the kinetic of adsorption process, the experimental data were compared with different kinetic models and it has been found that a pseudo-first order kinetic well describe the obtained results. The pseudo first order kinetic is expressed by the following equation:
where q t is the amount of adsorbed dye at time t, q e is the equilibrium concentration and k is the first-order adsorption rate constant. 
Photodegradation Process
ARS solutions in absence of PP@TiO 2 are stable under visible light irradiation but, after the adsorption process, the signal of ARS band decreased up to complete disappearance while the colour of PP@TiO 2 changes from red to colourless, indicating the photodegradation of ARS with the destruction of their characteristic chromophore; no new adsorption bands appeared in the UV-Vis region.
The photodegradation step, under visible light irradiation, monitored during time by the UV-Vis spectra profile in solution at 424 nm (Fig. 10) , demonstrate that this process is slower with respect to the adsorption process, indicating that the reaction occurs on TiO 2 surface and not in the solution where the absorbance values are real time monitored.
The variation in time of dye concentration Uv-Vis spectra illustrates that the photodegradation process follows pseudo first order kinetics with respect to dye concentration as shown in equation (4) where k′ is the pseudo first order kinetic constant, C 0 is the initial concentration of dye and C the concentration of dye at t time.
The obtained rate constants values k′ A and k′ P25 (Table 2) linearly decrease with the increase of initial dye concentration (ARS i ), and with adsorbed dye concentration (ARS ads ) as reported in Fig. 11 , showing the influence of catalyst loading in the overall process.
The overall process of adsorption and photodegradation can be resumed in the Fig. 12 , while the mechanism is represented schematically in Fig. 13 . 
Conclusions
Polypropylene coated nano-TiO 2 photocatalysts were successfully prepared. The optimization of TiO 2 pastes preparation using two commercial TiO 2 has been performed and green, low-cost dip-coating procedure was developed. The study was conducted in three steps. In the first step, Scanning Electron Microscopy, Atomic Force Microscopy and XRD measurements were used to obtain morphological and structural informations of the new heterogeneous photocatalysts on PP support material. , because the differences of two TiO 2 starting materials derived only from the presence of rutile phase, it is possible to deduce that the rutile phase presents only on [PP@TiO 2 ] P25 also with a weak structural reorganization, affected the characteristics of adsorption surface and greatly the photodegradation activity.
According to all obtained results it might be confirm that the use of PP@TiO 2 in the Visible light photodegradation of ARS permits to obtain efficiently dye degradation, with addition advantage of easy separation of photocatalyst and possibility of reuse, suggesting an application for environmental treatment of waste water.
Methods
Catalyst pastes preparation. Two type of pastes were prepared using TiO 2 Aeroxide P-25 and Titanium (IV) dioxide Anatase nano-powdered (< 25 nm) (Sigma Aldrich, Code 718467). To create the paste, TiO 2 powder (6 g) was ground in a porcelain mortar and mixed with 2 ml of distilled water containing 10% v/v of acetyl acetone (Sigma Aldrich) in order to prevent coagulation of TiO 2 nanoparticles. The paste was diluted further with distilled water (8 ml) with continuous grinding for 3 minutes; after, in order to facilitate the spreading of the pastes on the substrate, few drops of a detergent (Triton X-100 Sigma Aldrich) were added. The final addition of water controls the viscosity and the final concentration of pastes.
Polypropylene coated Nano-TiO 2 preparation (PP@TiO 2 ). PP strips (3M Polypropylene 2500 material) of defined size with 2 cm of width and 10 cm of length were prepared and cleaned with ethanol. TiO 2 paste (Aeroxide P-25 or Anatase) was added in a cylindrical glass until reaching a determinate level and the paste was stratified on PP strips with the dip-coating technique. After each immersion of 1 minute, the strip is extracted, dried at the room temperature and further dried in the oven at the temperature of ~110 °C for 30 minutes. Finally, the strips are clean up with a solution of water and HCl 0.1 N to remove the excess of TiO 2 particles. This procedure is repeated for 3 times in order to obtain PP coated TiO 2 strips (PP@TiO 2 ) with an adequate thickness. In order to reveal structural variations of the compounds, we also collected some powder x-ray diffraction patterns before and after the adsorption process.
Catalyst films characterization.
The XRD measurements were collected on a customized horizontal Debye-Scherrer diffractometer, equipped with a INEL CPS 180 curved position sensitive detector that allow to reduce drastically the acquisition time for each pattern. In fact this detector, filled with an Kr/CO 2 gas mixture in order to optimize the efficiency, have no moving parts and eliminates the need for mechanical scanning devices such as complex scanning goniometers used in conventional XRD instruments.
The x-ray source is a Mo K-alpha (lambda = 0.7093 Å), generated by a Philips sealed x-ray tube and monochromatized through a graphite crystal along the 002 plane. The samples were positioned on the beam into glass capillaries (diameter 100microns).
Dye adsorption and photodegradation testing. The adsorption (in dark conditions) and photodegradation (under visible light) processes were investigated at acidic pH (by addition of HCl 1.0 N Sigma-Aldrich) using the photo-reactor (Fig. 6) .
The reactor is formed by a cylindrical glass vessel with thermostatic chamber (fixed at 25 °C) containing different starting Alizarin Red S (1,2-dihydroxy-9,10-anthraquinonesulfonic acid sodium salt or ARS) dye solutions from 2.92 to 8.77 × 10 −5 mol L −1
, visible lamp (tubular JD, 80 W, 1375 Lumen DURA), air-line, peristaltic pump Gilson miniplus 3, nine strips of PP@TiO 2 and magnetic stirred. The system has been connected with spectrophotometer Hewlett-Packard 8452°. Diode Array with a continuous flux quartz cuvette of optical path of 1 cm, in order to operate in real-time mode. The adsorption and photodegradation processes were separately monitored by measuring the absorbance spectra of dye solutions every 7 minutes at the wavelength maximum of ARS (424 nm); the decrease in concentration of the dye was plotted as function of time.
